. Slow-and fast-twitch hindlimb skeletal muscle phenotypes 12 wk after 5 ⁄6 nephrectomy in Wistar rats of both sexes. Am J Physiol Renal Physiol 309: F638 -F647, 2015. First published August 5, 2015 doi:10.1152/ajprenal.00195.2015.-This study describes fiber-type adaptations in hindlimb muscles, the interaction of sex, and the role of hypoxia on this response in 12-wk 5 ⁄6 nephrectomized rats (Nx). Contractile, metabolic, and morphological features of muscle fiber types were assessed in the slow-twitch soleus and the fast-twitch tibialis cranialis muscles of Nx rats, and compared with shamoperated controls. Rats of both sexes were considered in both groups. A slow-to-fast fiber-type transformation occurred in the tibialis cranialis of Nx rats, particularly in males. This adaptation was accomplished by impaired oxidative capacity and capillarity, increased glycolytic capacity, and no changes in size and nuclear density of muscle fiber types. An oxidative-to-glycolytic metabolic transformation was also found in the soleus muscle of Nx rats. However, a modest fast-to-slow fiber-type transformation, fiber hypertrophy, and nuclear proliferation were observed in soleus muscle fibers of male, but not of female, Nx rats. Serum testosterone levels decreased by 50% in male but not in female Nx rats. Hypoxia-inducible factor-1␣ protein level decreased by 42% in the tibialis cranialis muscle of male Nx rats. These data demonstrate that 12 wk of Nx induces a musclespecific adaptive response in which myofibers do not change (or enlarge minimally) in size and nuclear density, but acquire markedly different contractile and metabolic characteristics, which are accompanied by capillary rarefaction. Muscle function and sex play relevant roles in these adaptations. chronic renal failure; uremia; myosin heavy chain; muscle plasticity; gonadal hormones; hypoxia-inducible factor-1␣
described the adaptive changes in skeletal muscle in response to uremic stimulus, both in human patients with CRF (e.g., 4, 9, 12, 23, 26) and in animal models of uremia (3, 6, 8, 16, 17, 35) , but many of these studies provide contradictory findings. For example, uremic muscle fiber atrophy is considered as a common feature (2, 14) ; however, studies performed in skeletal muscles of human patients with CRF reveal results ranging from uniform atrophy (32) to generalized hypertrophy of all muscle fiber types (23) . Several limitations to some of these studies have been discussed in recent reports (17, 23) . They include small sample sizes, lack of appropriate controls (e.g., healthy athletes), methodological deficiencies for optimal analysis of muscle fibers, diversity of skeletal muscle studied (including nonlimb muscles), and overestimation and/or misunderstanding of phenotypic changes reported in skeletal muscle fibers.
Comparisons between human and animal studies on the impact of CRF on skeletal muscle are complicated by the different stages of the renal failure. Most human studies have described the changes in skeletal muscle in renal patients with several years of hemodialysis or during the period of progression to the end-stage renal failure (4, 9, 12, 23, 26) . Studies using the 5 ⁄6 reduction in total renal mass (Nx), the most widely used animal model to induce uremia (20) , have described, however, acute changes in skeletal muscles, ranging from 2 days to 3-4 wk (3, 8, 16, 17, 35) . Thus there is no information regarding muscle changes during the period when the CRF is "stabilized," i.e., beyond weeks 6 -8 after surgery (20) . In addition, neither human nor animal studies have taken into account the effect of sex on the skeletal muscle changes in response to CRF. There is evidence that CRF reduces levels of male gonadal hormones, particularly testosterone (reviewed in Ref. 2) . Given the potent anabolic action of testosterone on skeletal muscle (36) and its demonstrated role in the maintenance of skeletal muscle fiber-type expression (13, 18) , a different impact of CRF between sexes could be expected.
Furthermore, previous studies in short-term animal models of uremia have reported a different impact on skeletal muscles with different functional competences (15) (16) (17) . For example, the fiber atrophy of fast-twitch fibers and capillary rarefaction that occur in rats in early stages (4 wk) of CRF was noted to be more severe in limb (gastrocnemius) than in trunk (longissimus thoracis) muscles (15) (16) (17) . From the available literature, it seems that postural as opposed to locomotor muscles might be more resistant to hypoxia and fiber atrophy secondary to uremia, through an increased expression of inducible nitric oxide synthase, which is interpreted as a protective factor against hypoxia through hypoxia-inducible factor-1␣ (HIF-1␣) stabilization (15) . This transcription factor is a key regulator for the induction of genes that facilitate adaptation of cells from normoxia to hypoxia (reviewed in Ref. 21) . Under normal conditions, higher HIF-1␣ expression plays an active role in skeletal muscle plasticity, leading to fiber-type transitions in the fast direction, fiber hypertrophy, oxidative-to-glycolytic energy metabolism transition, and neovascularization (25, 29) . However, under hypoxic conditions (renal anemia), the reduced expression of HIF-1␣ which has been found in locomotor muscles of rats 4 wk after Nx (15) does not support this role in muscle plasticity.
We hypothesized that, during its "stable" phase (ϳ8 -12 wk), CRF should induce changes in contractile, metabolic, and morphological features of individual skeletal muscle fibers different from those previously described in more acute stages of CRF (1-6 wk). Additionally, this muscle plasticity should be more pronounced in the mostly inactive at rest fast-twitch tibialis cranialis muscle than in the tonically active slow-twitch soleus muscle providing postural (antigravitatory) support. The authors also expected that sex would have a significant interaction on the skeletal muscle response to long-term (12 wk) Nx, with males showing more pronounced changes than females. Furthermore, we hypothesized that muscle changes secondary to uremia are associated with an aberrant response to hypoxia at the cellular level. Therefore, the present investigation was primarily aimed at determining the impact of 12 wk of Nx on the phenotypic features (fiber-type composition, size, oxidative, and glycolytic capabilities, capillarity, and nuclear density) of muscle fiber types of slow (soleus)-and fast (tibialis cranialis)-twitch rat hindlimb muscles. A second objective was to test whether sex interacted with the effects of this Nx model on the fiber-type characteristics of these two muscles. To find out whether uremia-induced muscle changes are secondary to an inadequate response to hypoxia at the cellular level, we also investigated the expression of HIF-1␣ protein content in these two functionally different muscles.
MATERIALS AND METHODS

Experimental Design and Procedures
Ethics. All experimental protocols were reviewed and approved by the Ethics Committee for Animal Research of the University of Cordoba (Cordoba, Spain). Animals. Twenty-seven adult (3.5-4 mo old) Wistar rats of both sexes (13 females and 14 males) with body weight of 257 Ϯ 54 g (means Ϯ SD) at the beginning of the experiment were used. Animals were provided by the Central Service of Experimental Animals of the University of Cordoba. They were individually housed in standard vivarium cages in a temperature-and humidity-controlled environment, with a 12:12-h light-dark cycle and given ad libitum access to a standard rat diet (Altromin Spezialfutter; values per 100 g: energy 351.8 kcal/1,100 kJ, protein content 18%, 1.74% lysine, 1.0% methionine, 0.31% cysteine, 0.20% tryptophan, 5% fat, 5.5% ash, 0.24% sodium, 0.6% calcium, 0.6% phosphorus) and tap water.
Design and surgical procedures. Before the experiment began, all rats were maintained for 2 wk on the standard diet. Afterward, rats were randomly allocated to two different groups with balanced sexes: sham-operated control (So; n ϭ 10, 4 females and 6 males) and Nx (n ϭ 17 rats, 9 females and 8 males). Nx was carried out following a two-step procedure that reduces the original renal mass by five-sixths as previously described (24) . Briefly, in the first step, two-thirds of the left kidney was removed under general anesthesia (intraperitoneal injection, Servoflurane, Abbott, Madrid, Spain). After 1 wk of recovery, in the second step and also under general anesthesia, the right kidney was removed. The control So rats were sham operated with the same protocol and total duration of the surgery, except both kidneys were maintained intact. After the second surgery, the mineral content of the diet was changed to 0.9% phosphorus in the Nx group. Both food intake and body weight of individual rats were assessed weekly.
Muscle sampling and tissue preparation. After 12 wk, rats from both groups were euthanized by aortic puncture and exsanguination under deep general anesthesia (intraperitoneal injection, thiopental sodium, 50 mg/kg, Penthotal). Bilateral soleus and tibialis cranialis muscles were dissected, and individual muscles were wet weighted. These muscles were selected as two representative muscles of a typical slow-twitch muscle (soleus, composed primarily of slowtwitch muscle fibers) and a characteristic fast-twitch muscle (tibialis cranialis, composed primarily of fast-twitch muscle fibers in its white region), respectively (10) , and also because these two hindlimb muscles are opposite regarding their resting functional activities. While the tibialis cranialis muscle is only recruited at high-intensity physical activity, being normally inactive at rest, the soleus muscle is primarily active at rest, providing postural (antigravitatory) support (10) . Upon collection, tissue blocks from the muscle belly were mounted on cork blocks with the use of OCT embedding medium (Tissue-Tek II, Miles Laboratories, Naperville, IL) and oriented so that myofibers could be cut transversely (11) . Specimens were systematically frozen by immersion in isopentane (30 s), kept at the freezing point in liquid nitrogen, and stored at Ϫ80°C until analyzed (11) . Muscle samples were routinely frozen between 2 and 4 min after removal, because it has been demonstrated that the interval between removal and freezing has a significant (negative) effect on skeletal muscle fiber size (22) . All muscle sampling and muscle preparation procedures were always carried out by the same investigator, experienced in skeletal muscle biopsy studies, taking care to standardize both the location and the freezing of the sample.
Laboratory Analyses
Blood biochemistry. Blood samples were obtained from the abdominal aorta in heparinized syringes at the time of death. Plasma was separated by centrifugation and stored at Ϫ80°C until assayed. Plasma creatinine and blood urea nitrogen were measured by spectrophotometry (BioSystems, Barcelona, Spain) as previously described (24) and used as indicators of renal function. Plasma testosterone levels were determined using a commercial available ELISA kit for the quantitative determination of testosterone in serum or plasma of rats and mice (Demeditec Diagnostics, Kiel, Germany), according to the manufacturer's instruction. The sensitivity of the ELISA reported by the manufacturer is 0.066 ng/ml. The intra-assay variation is Ͻ11%, and the interassay variation Ͻ11% in serum samples.
Myosin heavy chain immunohistochemistry. Muscle samples were serially sectioned (10-m thick) in a cryostat (Frigocut, Reitchert Jung, Nubloch, Germany) at Ϫ20°C and used for immunohistochemistry. Immunohistochemistry was performed with five monoclonal antibodies specific against myosin heavy chain isoforms (Table 1 ; Fig.  1A ). The specificity of these antibodies for myosin heavy chains in rat skeletal muscle has previously been reported (19, 33) . The immuno-peroxidase staining protocol with an avidin-biotin complex protocol was used as previously described (30) .
Quantitative enzyme histochemistry. Additional serial sections were used for quantitative enzyme histochemistry. The activities of the enzymes succinate dehydrogenase (SDH, EC 1.3.5.1), used as an oxidative marker, and glycerol-3-phosphate-dehydrogenase (GPDH), used as an indirect marker for glycolytic potential of myofibers, were determined on 10-and 14-m-thick sections, respectively, by using quantitative histochemical methods previously adjusted and validated in rat skeletal muscle (30) . However, it is not known whether the GPDH histochemical method used in the present study stains for activity of the cytosolic NAD-dependent GPDH (EC 1.1.1.8) or the mitochondrial FAD-dependent GPDH (EC 1.1.99.5). Neither GPDH is directly involved in the glycolytic pathway; however, both are directly involved in the transfer of NADH from glycolysis in the cytosol into FADH 2 in the mitochondria of skeletal muscles. Furthermore, GPDH histochemical activity correlates with the activities of other glycolytic enzymes (28) .
Capillary and nuclei histology. Additional 14-m-thick serial sections were incubated in a 2.2% solution of ␣-amylase and then stained according to a standardized periodic acid-Schiff technique by using a 1% solution of acid (1) . These sections were used to visualize capillaries (Fig. 1B) . Additional 10-m-thick sections were stained with hematoxylin and eosin and used to visualize total nuclei within or around each individual muscle fiber (Fig. 1B) .
Image Analysis and Morphometry
Sections were examined in a blind fashion by the same investigator (L. M. Acevedo), who had experience of the normal appearance of mammalian skeletal muscle fibers. All serial sections for immunohistochemistry, enzyme histochemistry, and histology were visualized and digitized as previously described (1) . A region containing between 150 and 250 fibers was selected for further analyses. In the tibialis cranialis muscle, this area was selected from the core of the white (superficial) portion of the muscle, since it contains a higher number of fast-twitch muscle fibers (98%) than the red (deep) portion (93%) of the muscle (10) . Images were saved as digitized frames at 256 gray levels. The gray levels were converted to optical density units by using a calibrated set of optical density filters. The digitized images of the fibers in the two histochemical reactions (SDH and GPDH) within the selected region were traced manually and analyzed for the fiber cross-sectional area (area) and the average optical density for each histochemical reaction of individual muscle fibers. The average fiber optical density for each histochemical reaction was determined as the average optical density for all pixels within the traced fiber from three sections incubated with substrate minus the average optical density for all pixels of the same fiber from other two sections incubated without substrate (30) . Because a number of factors can influence the reliability of histochemical enzyme activity determinations, we checked the variability on three consecutive sections for both SDH and GPDH histochemical reactions by repeated measurements of the same individual fibers. Only coefficients of variation for triplicate measurements of optical densities below 5% were accepted in the present study; this demonstrated the high analytic precision that can be achieved for the measurement of fiber optical density on enzyme histochemical sections. (4) IIX (5) IIXB (6) IIB (7) BA-D5 (19) . ϩ, Ϫ, and Ϯ: positive, negative, and intermediate immunohistochemical staining, respectively, for that specific muscle fiber with that specific MAb. The number of each fiber type (1-7) corresponds to those shown in Fig. 1 . . B: additional serial sections were stained for quantitative enzyme histochemistry of succinate dehydrogenase (SDH) and glycerol-3-phosphate dehydrogenase (GPDH) activities, and for histology of ␣-amylase periodic acid-Schiff (PAS) for visualizing capillaries and hematoxylin and eosin (H&E) for visualizing nuclei. The seven MHC-based muscle fiber types are labeled in all serial sections; 4 of them were pure fibers expressing a unique MHC isoform (i.e., fibers 1, 3, 5, and 7, which correspond to type I, IIA, IIX, and IIB fibers, respectively), and the other 3 were hybrid phenotypes coexpressing 2 different MHC isoforms [i.e., MHCs-I and -IIa (type IϩIIA, fiber labeled 2)], MHCs-IIa and -IIx (type IIAX, not shown), and MHCs-IIx and -IIb (type IIXB, fiber labeled 6). Note in the muscle from the Nx rat (bottom rows in both panels), the lower number of fibers expressing MHCs either I, IIa, or IIx, the abundance of fibers expressing MHC-IIb, the larger size of all muscle fibers, the lower SDH staining, the higher GPDH staining, and the lower muscle fiber capillarity and nuclei, compared with the So animal (top rows of both panels). Bar ϭ 150 m.
The number of capillaries and nuclei around each individual muscle fiber in the selected area of the sample was also obtained from the ␣-amylase periodic acid-Schiff and hematoxylin and eosin staining techniques, respectively (1). They were expressed as absolute number of capillaries or nuclei in contact with each muscle fiber.
The fibers in the selected area were classified according to their myosin heavy chain content by means of visual examination of immunostainings of the five serial sections stained with the battery of anti-myosin heavy chain monoclonal antibodies (Table 1; Fig. 1A ). The reactivity of each individual muscle fiber in these five consecutive sections was judged as positive, intermediate, or negative by comparing the intensity of the reaction of neighboring fibers. Seven fiber types were categorized, four of them as pure fibers expressing a unique myosin heavy chain isoform (i.e., type I, IIA, IIX, and IIB), and other three as hybrid phenotypes coexpressing two different myosin heavy chain isoforms (type IϩIIA, IIAX, and IIXB).
The relative frequency of different muscle fiber types in the selected region was used to numerically express the fiber-type composition of each muscle sample. The area, SDH and GPDH optical densities, and absolute numbers of capillaries and nuclei of the same muscle fibers were averaged according to fiber type and used for statistical analyses. The SDH-to-GPDH ratio of individual muscle fibers was also determined and used as an indicator of the relative oxidative vs. glycolytic metabolic capacities of individual muscle fibers. For minor fiber types (IϩIIA and IIA in the soleus muscle, and I, IϩIIA, and IIAX in the tibialis cranialis muscle), there were so few fibers in most muscle samples that a statistically reliable determination of their area, SDH, GPDH, capillarity, and nuclear density was impossible. In consequence, muscle fiber types showing, on average, a fiber percentage below 5% were excluded from these analyses.
Western Blot Analysis of HIF-1␣ Protein
Muscle tissue was homogenized and protein was isolated following the protocol described by Schreiber et al. (34) . Protein concentration was assessed by the Bradford method (7). Fifty micrograms of nuclear protein were electrophoresed in a 12% polyacrylamide gel (Bio-Rad, Hercules, CA) and electrophoretically transferred (Transfer Systems, Bio-Rad) from the gels onto nitrocellulose membranes (Pall, Pensacola, FL). The following steps were performed with gentle shaking. Membranes were incubated in TTBS-L solution (20 mM Tris·HCl, pH 7.6, 0.2% Tween 20, 150 mM NaCl, and 5% nonfat dry milk) at room temperature for 1 h to avoid nonspecific binding. Membranes were incubated overnight at 4°C with a 1:700 dilution of an anti-HIF-1␣ antibody (Abcam, Cambridge, UK). TFIIb (1:1,000, Danvers, MA) was used as a housekeeping protein. Membranes were washed with TTBS buffer and immunolabeled using a peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Finally, Western blots were developed using the ECL Plus Western Blotting Detection System (GE Healthcare, Piscataway, NJ). Protein levels were quantified using ImageJ software (NIH, Bethesda, MD).
Statistical Analyses
All statistics and charts were run on Statistica 7.0 for Windows (StatSoft I, Statistica, data software system, www.statsoft.com). Muscle sample was the unit of analysis for the present data set. A total of 108 muscle samples (27 animals ϫ 2 muscles, soleus and tibialis cranialis ϫ 2 sides, left and right) were available for statistical analysis. Sample size and the power of a contrast of hypothesis were estimated by power analysis and intervals. Accepting an ␣-risk of 0.05 and a ␤-risk of 0.2 in a two-sided test, a minimum of eight samples/ group were considered necessary to recognize as statistically significant a minimum difference of 1.75 SD units between any pair of groups assuming that four groups exists (2 sexes ϫ 2 treatments, So and Nx), as well as a common deviation of 20% of the mean value, and anticipating a dropout rate of 0%. Normality of muscle variables was tested using a Kolmogorov-Smirnov test, and data are expressed as means Ϯ SE, except in Table 2 (means Ϯ SD). Two-factorial ANOVA was used to test for sex, Nx, and sex-Nx interaction effects. When a significant effect was observed for sex-Nx interaction (P Ͻ 0.05), the Fisher least significant difference post hoc test was used to locate specific significant differences between pairwise groups.
RESULTS
Renal Function, Food Intake, Body Weight, Muscle Mass, and Muscle Somatic Index
The decrease in renal function induced by Nx was reflected in plasma creatinine and blood urea nitrogen concentrations that were 62 and 66% higher, respectively, in Nx than in So rats ( Table 2) . Sex had a strong influence on food intake, body weight, wet muscle weight, and muscle somatic index (wet muscle weight referred to body weight), with males having higher values than females (Table 2) . Total food and energy intakes were similar in Nx and So rats. After 12 wk, Nx rats reduced their body weight by 12% compared with So. Both wet weights and muscle somatic indexes of soleus and tibialis cranialis muscles were similar in So and Nx rats. However, tibialis cranialis muscle weight and both soleus and tibialis cranialis muscle somatic indexes increased in male but not in female Nx rats, compared with So subjects. Values are means Ϯ SD; n ϭ no. of samples. So, sham-operated rats; Nx, 5 ⁄6 nephrectomy rats. Two-way ANOVA was used to test for sex and Nx effects; P values denote main effect results for sex, Nx, and sex-Nx interactions. *P Ͻ 0.05, †P Ͻ 0.01 compared with So.
Muscle Fiber-Type Composition
The muscle fibers of both soleus and tibialis cranialis muscles were classified based on their immunoreactions to antibodies against specific myosin heavy chains (Table 1 ; Fig. 1A) , and the proportions of seven fiber types (I, IϩIIA, IIA, IIAX, IIX, IIXB, and IIB) were determined for both So and Nx rats. All these seven fiber types were identified in the tibialis cranialis muscle, but only three fiber types (I, IϩIIA, and IIA) were found in the soleus muscle. Sex and Nx had an effect on soleus and tibialis cranialis muscle fiber-type distribution (Table 3). In the soleus muscle of male rats but not in female ones, Nx increased type I fibers by 3% and type IϩIIA fibers by 150%, and decreased IIA fibers by 94%, compared with So rats. After 12 wk of Nx, the tibialis cranialis muscle fiber-type composition changed significantly compared with So rats, particularly in male rats. In Nx rats, there were decreased proportions of type IIA (37%) and IIX (30%) fibers, and increased frequencies of type IIXB (39%) and IIB (36%) fibers, compared with So subjects. Significant interactions between sex and Nx also indicated that in the tibialis cranialis of male rats, but not of females, Nx decreased the percentage of type I fibers (70%) and increased the proportion of type IIB fibers (66%), compared with So controls.
Muscle Fiber Size
The mean area of individual muscle fiber types was estimated for So and Nx rats (Table 4) . Sex did not have any effect on the size of soleus type I fibers, but had an effect on size of all tibialis cranialis muscle fiber types, with males having larger fibers (35% on average) than females. Nx did not have any effect on size of individual muscle fiber types of both soleus and tibialis cranialis muscles (P Ͼ 0.05). However, when all fiber types were analyzed together, Nx increased fiber area in the tibialis cranialis muscle (12%), compared with So rats (see Fig. 1 ). Furthermore, a significant interaction between sex and Nx on fiber size of soleus type I fibers demonstrated that these fibers increased by 31% in area in male rats, but not in females, compared with So controls.
Muscle Fiber-Type SDH and GPDH Activities
Both soleus and tibialis cranialis muscle oxidative and glycolytic capacities were assessed by measuring the rate of SDH and GPDH activities, respectively, within individual muscle fiber types (Fig. 1B) . As sex did not have any significant interaction with Nx (P Ͼ 0.05) on these metabolic activities, results are depicted in Fig. 2 as pooled means of both sexes. The mean SDH activities from individual type I fibers in the soleus and from type IIXB and IIB muscle fibers in the tibialis cranialis of Nx rats were found to be lower by 7, 12, and 10%, respectively, compared with those of So subjects (Fig. 2A) . The mean SDH of all muscle fiber types of Nx rats decreased by 10% in the soleus and by 21% in the tibialis cranialis (P Ͻ 0.0001 in both) compared with So rats. Twelve weeks of Nx increased the mean GPDH activities of type I fibers in the Values are means Ϯ SE; n ϭ no. of samples; Two-way ANOVA was used to test for sex and Nx effects; P values denote main effect results for sex, Nx, and Sex-Nx. For clarity, muscle fiber types with a percentage below 5% are excluded from this analysis. *P Ͻ 0.01 compared with So.
soleus (9%) and of type IIA (22%), IIX (8%), and IIXB (10%) muscle fibers in the tibialis cranialis compared with So rats (Fig. 2B) . The overall mean GPDH activity of all muscle fiber types of Nx rats increased by 12% in the soleus (P Ͻ 0.0001) and by 15% in the tibialis cranialis muscle (P Ͻ 0.001) compared with So animals. The mean SDH-to-GPDH enzyme ratios from individual type I fibers in the soleus and from type IIA, IIX, IIXB, and IIB muscle fibers in the tibialis cranialis of Nx rats were found to be lower by 17, 20, 8, 20 , and 15%, respectively, compared with those of So subjects (Fig. 2C) . In relation to all fiber types, the SDH-to-GPDH enzyme ratios decreased by 19% in the soleus and by 32% in the tibialis cranialis (P Ͻ 0.0001 in both) compared with So rats.
Muscle Fiber-Type Capillarity
The mean number of capillaries in contact with individual muscle fiber types differed significantly between sexes, with males showing more muscle fiber capillaries than females ( Table 5 ). The absolute mean number of capillaries contacting type IIA, IIX, and IIXB fibers in the tibialis cranialis muscle of Nx rats were found to be lower by 12, 13, and 12%, respectively, compared with those of So rats.
Muscle Fiber-Type Nuclear Density
Muscle fiber nuclei were measured in both So and Nx rats (representative fiber types with small densely stained nuclei in a subsarcolemmal position are shown in Fig. 1B) . The fixed effect of sex on the mean number of nuclei within or around individual muscle fiber types was significant, with males having higher absolute numbers of nuclei than females (Table 6 ). Nx did not have any significant effect on the absolute number of nuclei of individual muscle fiber types in both soleus and tibialis cranialis muscles. However, the number of nuclei of soleus type I fibers was 27% higher in male, but not in female, Nx rats, compared with So rats.
Testosterone Measurements
Plasma testosterone levels were 3.2 times higher in males than in females (P Ͻ 0.001; Fig. 3A) . After 12 wk, Nx reduced plasma testosterone levels by 50% in male rats (P ϭ 0.003), but not in female rats (P Ͼ 0.05), compared with So rats. Within the male group, the level of testosterone was negatively correlated with the proportion of type IIB fibers in the tibialis cranialis muscle (Fig. 3B ) and positively correlated with the percentage of type IIA fibers in the soleus muscle (r ϭ 0.73, P ϭ 0.003). Also in male rats, the level of testosterone was negatively correlated with both the mean area (r ϭ Ϫ0.56, P ϭ 0.038) and the mean number of nuclei (r ϭ Ϫ0.68, P ϭ 0.008) in soleus muscle fibers. Within the female group, no significant correlations between testosterone and fiber-type characteristics were noted.
HIF-1␣ Protein Expression
We compared HIF-1␣ expression between a subset of So and Nx male rats. The analysis was performed on nuclear extracts from both tibialis cranialis and soleus muscles, and the HIF-1␣ protein levels were investigated by Western blotting (Fig. 4A) . Analysis of the relative band densities of HIF-1␣ protein in So rats indicated ϳ100% more HIF-1␣ protein content in tibialis cranialis than in soleus muscles (Fig. 4B) . The effects of Nx on HIF-1␣ protein levels were different in the two muscles; HIF-1␣ decreased by 42% in the tibialis cranialis (P ϭ 0.029) but was unchanged in the soleus (P Ͼ 0.23), compared with So rats.
DISCUSSION
To our knowledge, the present is the first study to address the impact of long-term (12 wk) Nx on skeletal muscle phenotype in an animal model of uremia. The data obtained indicate that 1) 12 wk of Nx results in hindlimb muscle phenotypes that are different from those of the control So rats; 2) this long-term response to Nx was not homogeneous in slow-and fast-twitch hindlimb muscles with different functions and fiber-type characteristics; 3) sex seems to play a pivotal role in the magnitude of these effects, which were more accentuated in males than in females; and 4) an inadequate response to hypoxia seems to be involved in uremia-induced muscle changes.
In agreement with present results in the tibialis cranialis muscle, evidence of slow-to-fast fiber-type transitions has been reported in fast-twitch hindlimb muscles of rats 4 wk after Nx (35) . Also in agreement with present results in the soleus muscle, a fast-to-slow-fiber-type switching has already been reported in trunk (postural rather than locomotor) muscles of 4 wk Nx rats (17) .
In both muscles, but particularly in the soleus, fiber-type transformations in responses to 12-wk Nx were more pronounced in males than in females. This finding is compatible with the reduced levels of testosterone reported in male Nx rats in the present study, probably reflecting the broader role that testosterone plays in the maintenance of skeletal muscle phenotype compared with estrogens and progestins (36) . It has been proposed that, in the male, testosterone acts directly on muscle fiber by binding to androgen receptors within the cytosol (13) and that this receptor/ligand complex is transported into the nucleus to stimulate tissue-specific transcription factors (27) . The current results suggest that this cellular mechanism seems to be muscle specific. Thus, in the slowtwitch soleus muscle, this binding would repress transcription of the myosin heavy chain I gene and result in a decrease in the expression of myosin heavy chain I, as shown in the present study in male So rats (see Table 3 ). After 12 wk of Nx, these inhibitory transcriptional factors would be diminished, and susceptible fibers would begin expressing myosin heavy chain I at the expense of the myosin heavy chain IIa. As a result, the fibers would undergo phenotypic transformation by switching from type IIA toward type I fibers in this postural muscle. In agreement with this contention, castration resulted in a fast-toslow expression of myosin heavy chains in the adult mouse masseter, but ovariectomy has no effect on the fiber-type composition in females (13) . In the fast-twitch tibialis cranialis muscle, however, high levels of testosterone would repress transcription of the myosin heavy chain IIb and stimulate myosin heavy chain IIx expression, as shown in the fast-twitch gastrocnemius of orchiectomized rats (18) . The decrease in testosterone levels seem in males after 12 wk of Nx is compatible with the higher increase in the number of type IIB fibers at the expense of type IIX fibers in male than in female Nx rats. The additive influence of testosterone on fiber types is also substantiated by the significant correlation between these parameters within the male group, but not in females (Fig. 3B) .
Previous data connected HIF-1␣ causally to changes in muscle phenotype, since elevating the level of HIF-1␣ in adult rats in vivo, without altering the pattern of muscle activity, triggered a fast phenotype program encompassing myosin heavy chain fiber type, metabolic enzymes, and fiber size (25) . However, the muscle changes observed in the present study after 12 wk of Nx were associated with either decreased (in the tibialis cranialis muscle) or unaltered (in the soleus) expression of HIF-1␣ protein content (Fig. 4B) . These discrepancies might indicate 1) an altered response to hypoxia at the muscle fiber Values are means Ϯ SE; n ϭ no. of samples. Two-way ANOVA was used to test for sex and Nx effects; P values denote main effect results for sex, Nx, and Sex-Nx. For clarity, muscle fiber-types with a percentage below 5% are excluded from this analysis. *P Ͻ 0.05 compared with So. level in the course of the uremic myopathy and 2) that changes seen in fiber-type composition, oxidative and glycolytic enzymes, and fiber size in Nx animals were not induced by high levels of HIF-1␣. The higher expression of HIF-1␣ protein seen in the present study in the fast vs. the slow muscles is in agreement with previous results in rat control muscles (15, 25, 29) , and confirms that HIF-1␣ may play a role in maintaining normal properties in fast muscles (25) . The reduced expression of HIF-1␣ protein found in our study in the fast tibialis cranialis muscle, but not in the slow soleus muscle from Nx rats, is not a new finding (15) , indicating that postural muscles seem to be more resistant to hypoxia and muscle changes secondary to uremia than locomotor muscles. This difference has been related to an increased expression of inducible nitric oxide synthase postural muscles (with abundant oxidative fibers) as opposed to locomotor muscles (primarily composed of glycolytic fibers) (15) .
In the present study, the size of individual muscle fiber types was unaffected by 12 wk of Nx in both muscles. However, a modest (12%) increase in the area of pooled muscle fibers was observed in the tibialis cranialis muscle of Nx rats, as well as a consistent (31%) hypertrophy of type I fibers in the soleus of male Nx rats. In accordance with the present results, no significant changes were reported either in the area of muscle fibers of a nonlimb (psoas) muscle of 8 wk Nx rats (6) or in the diameter of muscle fiber types of locomotor and postural muscles of male rats 4 wk after Nx (17) . A tendency, which did not reach statistical significance, for a decreased size of IIB fibers was noted in the latter study (17) . Uniform atrophy of all muscle fiber types was reported, however, in locomotor and respiratory muscles of uremic rats 3 wk after Nx (8) . Together, these findings indicate that impaired muscle fiber size seems to occur in the early stages of Nx. However, muscle fiber size is normalized or even increased in hindlimb muscles during the period of "stabilization" of renal failure, i.e., 12 wk after the surgery.
The significant interaction between sex and Nx on the size of type I fibers in the soleus muscle seen in the present study does not agree with the notion that decreased levels of testosterone reported in subjects with CRF should lead to a reduction of muscle mass (2) . Since a similar sexual effect on muscle fiber size could not be detected in the tibialis cranialis muscle of the same Nx rats, the sexual dimorphism noted on the hypertrophic response to long-term Nx in the soleus muscle could be explained in terms of both functional differences between the two muscles and physical overloading differences between the two sexes. Thus the higher body weight of male rats compared with females (46% at the start and 75% at the end of the experiment) could explain the fiber hypertrophy noted in the postural (antigravitatory) soleus muscle of male Nx rats. Twelve weeks of Nx reduced significantly the relative oxidative vs. glycolytic metabolic capabilities of principal muscle fiber types in both slow-and fast-twitch hindlimb muscles of rats of both sexes. Impaired oxidative capacity of skeletal muscles has been documented in uremic rats during the acute phase of renal failure (3). This decreased activity of a muscle mitochondrial oxidative enzyme is the likely biochemical basis of the impaired exercise capacity of CRF subjects. In accordance with the present results, Durozard et al. (12) , using nuclear magnetic resonance spectroscopy, reported that, in maintenance hemodialysis patients, the impaired energy production via oxidative metabolism is compensated by an increase in anaerobic capacity. Higher HIF-1␣ expression has been implicated in the oxidative-to-glycolytic energy metabolism transition which occurs in skeletal muscles under hypoxiafree conditions, (25, 29) . However, under hypoxic conditions, the reduced expression of HIF-1␣ which has been found in locomotor muscles of rats 4 (15) and 12 (present results) wk after Nx does not support this metabolic conversion.
Taken together, the present data indicate that 12 wk of Nx could lead to impaired capillarity in the tibialis cranialis muscle, but not in the soleus muscle. Capillary deficit in rat skeletal muscles was also present in early stages (4 wk) of Nx (16) . In agreement with the present study, the impaired capillarity was more evident in locomotor (gastrocnemius) than in postural (longissimus thoracis) muscles (16) , and it was associated with a decreased expression of HIF-1␣ protein in the locomotor muscle (15) . These findings confirm again that slow muscles as opposed to fast muscles are more resistant to the hypoxiainduced disturbances of uremic rats. The diminished expression of HIF-1␣ protein in fast muscles of uremic rats has been explained by severe HIF-1␣ breakdown secondary to high reactive oxygen species generation and a low level of inducible nitric oxide synthase in glycolytic fibers (15) . Since HIF-1␣ triggers a coordinated response of angiogenesis (21), a reduced protein level of this factor in locomotor muscles (15; present results) could be responsible for impaired muscle angiogenesis of uremic animals.
In this study, 12 wk of Nx did not affect the absolute number of nuclei in the tibialis cranialis muscle of uremic rats. In accordance with the present data, a change in sarcolemmal nuclei per fiber area could not be detected in the rat quadriceps femoris muscle after 2-4 wk of Nx (8) . As myonuclear domain size is related to both protein synthesis and protein turnover rates of muscle fiber types (31), a maintained absolute number of nuclei, as noted in the present study in the tibialis cranialis muscle, does not support evidence of an altered synthesis and/or breakdown of proteins in fast-twitch muscles of rats 12 wk after Nx. However, the increased number of nuclei observed in the present study in the soleus type I fibers of male Nx rats suggests an increased synthesis of proteins which is compatible with the increased size noted in these fibers.
A weakness of this study was the lack of objective data on physical activity of the animals, since diminished physical activity of Nx vs. So rats could be a contributing factor explaining some obtained differences in muscle fiber-type characteristics between the two groups. Nevertheless, by subjective evaluation, daily physical activity seemed to be similar in both groups.
In conclusion, the present study provides evidence that the adaptive response of uremic rat skeletal muscle during the phase of stable CRF (12 wk after surgery) takes the form of remodeling without atrophy or with discrete hypertrophy, where muscle fibers do not change (or enlarge modestly) in size and nuclear density, but acquire markedly different contractile and metabolic characteristics, which are accompanied by impaired capillarity. It is noteworthy that this malleability is muscle specific and sex dependent. While in the entirely inactive at rest tibialis cranialis muscle, 12 wk of 5 ⁄6 nephrectomy resulted in slow-to-fast fiber transformation, oxidativeto-glycolytic enzymatic conversion, and reduced capillary density, in the tonically active slow-twitch soleus muscle, which provides postural support at rest, the same uremic stimuli induced a diminished oxidative-to-glycolytic enzyme ratio which was accomplished by discrete fast-to-slow fiber transformation, fiber hypertrophy, and nuclear proliferation. Changes in both muscles were more pronounced in male than in female uremic rats, showing evidence that low levels of testosterone reported in male but not in female Nx rats also seems to play a role in the skeletal muscle response to sustained uremia. The diminished protein level of HIF-1␣ seen in the fast muscle of Nx rats supports impaired angiogenesis, but does not support muscle changes in fiber types, metabolic enzymes, and fiber size seen in these animals, suggesting an altered response to hypoxia of uremic animals.
